The amidolytic activity of plasmin with the chromogenic substrate H-D-valyl-L-leucyl-L-lysine p-nitroanilide (S-2251) is stimulated by oleic acid in a dose-dependent and saturable fashion. The activity of plasmin on S-2251 in the presence of oleic acid followed a sigmoidal kinetic pattern, with an almost 4-fold stimulation of activity at 60 ,uM-oleic acid. Halfmaximal stimulation occurred at an oleic acid level of 19.5 4uM. The amino acid analogue 6-aminohexanoic acid (AHA), which is known to bind to lysine-binding sites in plasmin, suppressed the stimulatory effect of oleic acid in a concentrationdependent manner; at 0.3 mM-AHA, about 70% of the oleic acid-dependent enhancement of plasmin activity was abolished. The 1/v versus I /[S] plot for plasmin changed in the presence of oleic acid from a linear to a non-linear curve, suggesting positive co-operativity. 14C-labelled oleic acid bound to plasmin, and the bound ligand was displaced by an excess of unlabelled oleic acid. Oleic acid also produced a marked (40-fold) stimulation of the plasminogen-dependent cleavage of S-2251 by urokinase. A half-maximal effect on plasminogen activation was obtained at 40 ,uM-oleic acid. The present findings suggest that the ability of oleic acid to stimulate plasmin activity and to enhance the conversion of plasminogen to plasmin depends on the interaction of oleic acid with specific lysine-binding sites in plasmin.
INTRODUCTION
Plasmin is a non-specific serine proteinase that is generated from its inactive precursor plasminogen by specific plasminogen activators. Plasmin has a pivotal function in thrombolysis and fibrinolysis by virtue ofits ability to effectively digest the insoluble fibrin clots into soluble fragments [1] . In addition, the localized production of plasmin by plasminogen activators plays a major role in a variety of biological processes involving extracellular proteolysis, tissue remodelling, invasion and cell migration [2] [3] [4] . Plasmin also converts Glu-plasmin(ogen) to Lys-plasmin(ogen), converts pro-urokinase to urokinase (uPA) and degrades fibrinogen and other plasma proteins as well as miscellaneous matrix proteins [3] [4] [5] .
Tissue-type plasminogen activator, plasminogen and plasmin contain structures, called lysine-binding sites (LBS), which interact specifically with lysine, 6 -aminohexanoic acid (AHA) and various lysine analogues [6, 7] . Ligands such as fibrin [8, 9] , polylysine [10] , denatured proteins [11] and fragments of fibrin [12] bind to LBS in tissue-type plasminogen activator and/or in Glu-plasminogen. Binding of the ligands to plasminogen gives rise to non-covalent modulation(s) that stimulate its conversion to plasmin [13, 14] . Two distinct types of LBS, differing in their affinity toward lysine and AHA, were observed in plasminogen [15, 16] . In the plasmin molecule the LBS are located in the Achain, while the catalytic centre of the enzyme resides in the Bchain [17, 18] . The LBS in plasmin(ogen) mediate the binding of plasmin(ogen) to fibrin(ogen), plasmin to its specific inhibitor a2-antiplasmin, and plasmin to fibrin(ogen) [19] [20] [21] . Therefore the LBS appear to play a crucial role in the regulation of fibrinolytic activity [16, 22] .
Initially, plasmin activity was only found to be subject to inhibition by a limited number of specific or unspecific inhibitors [1, [22] [23] [24] . However, more recent studies suggest that plasmin is a regulatory enzyme, and that it can be inhibited in a reversible fashion by ligands that interact with the enzyme at LBS distant from the catalytic site [25] [26] [27] .
In the course of the our studies on ligands that regulate the fibrinolytic cascade, we have examined the effect of the abundant endogenous fatty acid oleic acid. We report here that oleic acid enhances the amidolytic activity of plasmin and stimulates the conversion of Glu-plasminogen into plasmin.
MATERIALS AND METHODS Materials
Glu-plasminogen was prepared from outdated human plasma by the method of Deutsch & Mertz [28] . Agarose-L-lysine for preparation of plasminogen was from Bio Makor, Rehovot, Israel. The chromogenic substrate S-2251 (H-D-valyl-L-leucyl-Llysine p-nitroanilide) and plasmin were purchased from Kabi Diagnostica, Stockholm, Sweden Binding of '4C-labelied oleic acid to plasmin A 10 lO sample of 14C-labelled oleic acid (50 mCi/mmol; 250 ,uCi in 2.5 ml of toluene) was evaporated and redissolved in 50 /sl of absolute ethanol. A 20 ,ul portion of this solution (8 nmol) was added to 2.5 mg of plasmin in 0.5 ml of phosphatebuffered saline (12.6 mM-KH2PO4, 64 mM-Na2HPO4, 86 mMNaCl, adjusted with HCl to pH 7.4), in the absence or presence of 125 nmol of unlabelled oleic acid. After 10 min of incubation at room temperature, the mixtures were applied on to a 1O ml Sephadex G-52 column and eluted with phosphate-buffered saline, pH 7.4. Fractions of 1.0 ml were collected for counting of radioactivity and absorbance reading at 280 nm.
Oleic acid solution
A stock solution of 24 mM-oleic acid in ethanol was prepared. Dilutions were done in 0.2 M-Tris/HCI buffer, pH 8.0. Controls with the vehicle alone indicated that the diluted ethanol had no effect on the enzymes.
RESULTS
The effect of increasing levels of oleic acid on plasmin activity was assayed by employing the chromogenic peptide substrate S-2251. Fig. I converted the curve from a linear to a concave pattern. A concave curve is typical ofpositive co-operativity. The experiment depicted in Fig. 2 thus indicates that oleic acid has a dual effect on plasmin: it stimulates the activity of plasmin throughout the tested range of substrate concentrations, and it induces a positive co-operativity pattern of plasmin activity. The present observation that plasmin is subject to positive cooperativity conforms with our earlier finding that polymerized ampicillin induces positive co-operativity in plasmin [25] . In the case of the ampicillin polymer, the change that the ligand induces in plasmin could be abolished by the amino acid analogue AHA, indicating the involvement of LBS in this effect. To test whether the presently observed effect of oleic acid on plasmin similarly involves interaction with LBS, we determined the effect of AHA on the oleic acid-induced stimulation. Fig. 3 shows that increasing 1992 Effect of oleic acid on plasmin activity Fig. 3 also indicates that glutamine had no effect on the response of plasmin to oleic acid. This observation rules out the possibility that AHA elicits a non-specific interaction with oleic acid through carboxylamino-group interactions. Since the experiment shown in Fig. 3 indicated that AHA was capable of decreasing the oleic acid-induced enhancement of plasmin, it was of interest to determine the kinetics of the effect of oleic acid in the presence of AHA. The results of such an experiment are shown in Fig. 1 . AHA at 65 /tM, a concentration that decreased the response of plasmin to oleic acid by 50%, markedly suppressed the oleic acid-induced stimulation throughout the tested range of oleic acid concentrations. This effect is manifested by a rightwards shift of the curve. A 10-fold higher level of AHA (650 JiM) abolished the positive co-operativity induced by oleic acid (Fig. 1) , whereas the dose-dependent and saturable stimulation of plasmin by increasing levels of oleic acid was maintained.
The co-operativity shown in Fig. 2 suggested that the substrate, at certain concentrations, affects plasmin at more than one site. If this is the case, the response of plasmin to modulating ligands might be different at different substrate concentrations. This possibility can be tested by comparing the effect of AHA on plasmin in the presence of stimulatory levels of oleic acid and at various substrate concentrations (Fig. 3) . The results obtained at
[S] = K. were discussed above. In addition, Fig. 3 shows that at
[S] = 2 x Ki, AHA had no effect on the stimulation produced by oleic acid. In contrast, when [S] = Km/2, AHA produced the same effect as observed at [S] = Km. At the three substrate concentrations tested, the sigmoidal pattern of the response of plasmin to oleic acid was maintained in spite of the presence of 65 /uM-AHA. Fig. 4 shows that oleic acid produced a dramatic stimulation of the activation of Glu-plasminogen by uPA, with a maximal enhancement of more than 30-fold over the activity in the absence of oleic acid. Half-maximal stimulation was obtained at 38 ,tM-ligand. In this experiment the activation of Glu-plasminogen by uPA was assayed by a dual-stage method in which the plasmin production was monitored by measuring its activity with S-2251. Under similar conditions the activity of plasmin alone ( Fig. 1) was only stimulated by 375 %, indicating that most of the dramatic stimulation presented in Fig. 4 involves an effect of oleic acid on plasminogen activation rather than on plasmin activity. Control experiments confirmed that, regardless of the presence or absence of oleic acid, uPA does not cleave S-2251 in the absence of plasminogen.
The direct stimulatory effect of oleic acid on the activation of plasminogen was also demonstrated by an electrophoretic assay ofuPA-mediated plasminogen activation. Electrophoresis ofheatdenatured Glu-plasminogen on 100% polyacrylamide gels containing 1 % SDS exhibited one major band of protein (molecular mass -90 kDa). The activation of plasminogen by uPA was documented by disappearance of the plasminogen band and the emergence of a new band corresponding to the heavy chain of plasmin (molecular mass -55 kDa). Inclusion of increasing concentrations of oleic acid in the activation stage enhanced this conversion of Glu-plasminogen to plasmin in a concentrationdependent manner (results not shown).
DISCUSSION
This study demonstrates that oleic acid binds to plasmin and stimulates plasmin activity. Oleic acid is known to bind avidly to many proteins including albumin and several intracellular fattyacid-binding proteins [29, 30] . It also interacts with additional Vol. 282 proteins such as the tri-iodothyronine receptor [31, 32] and fibronectin [33] through specific binding sites. The high-affinity binding of oleic acid to fibronectin was found to induce changes in the protein conformation and to increase the susceptibility of fibronectin to proteolysis [33] . The observed binding of oleic acid to plasmin involves specific binding sites, since bound
[14C]oleic acid could be displaced by an excess of unlabelled oleic acid. This contention is also supported by the direct effect of oleic acid on plasmin activity, which is dose-dependent and saturable. Furthermore, the effects ofoleic acid on activity can be suppressed by AHA, a ligand known to bind to specific sites on plasmin [34] , but not by glutamine, a ligand that fails to bind to these sites but possesses similar carboxyl and amino groups. These findings make it unlikely that the observed effect of oleic acid on plasmin activity is due to a non-specific detergent effect or micelle formation. Furthermore, octanoic acid, at a concentration that is expected to form micelles and to exert a detergent effect (600 aM), failed to affect plasmin activity (results not shown).
The sigmoidal curve observed as a consequence of increasing oleic acid concentrations (Fig. 1) indicates co-operativity. The co-operative effect suggests binding of oleic acid to more than one binding site and mutual interactions among these sites. Cooperativity between binding sites was previously noted in plasminogen, the parent molecule of plasmin which contains similar binding sites (Fig. 7 in [33] , [35] ); Takada et al. also suggested mutual interactions between LBS in plasminogen [36] . A second phenomenon of positive co-operativity induced by oleic acid relates to the interaction of plasmin with the substrate S-2251 (Fig. 2) . This phenomenon is similar to that induced by another ligand that binds to LBS, namely the polymer of ampicillin [25] . Thus two types of positive co-operativity are induced by oleic acid: one in which oleic acid facilitates its subsequent interaction with the enzyme (Fig. 1) , and a second type by which oleic acid enhances the interaction of additional substrate molecules with the enzymes (Fig. 2) . Both types of co-operativity may be explained by the same model in which the binding of oleic acid to plasmin induces a conformational change in one or more of the LBS. This change either facilitates the subsequent interaction of a second molecule of oleic acid or enables additional substrate molecules to bind to plasmin and to modulate its activity.
The ability of S-2251 to modulate plasmin in the presence of oleic acid is further documented by the response to AHA. As shown in the experiment described in Fig. 3 , at low S-2251 levels AHA suppressed the oleic acid-induced stimulation of plasmin activity, whereas at high S-2251 levels plasmin failed to respond to AHA.
Oleic acid also enhances the conversion of Glu-plasminogen to plasmin. It is possible to ascribe at least a part of this effect to the oleic acid-stimulated plasmin activity. Plasmin is known to convert Glu-plasminogen into Lys-plasminogen, and the resulting Lys-plasminogen is known to be a better substrate for activation [13, 14] . An alternative explanation could be related to the presence of LBS in plasminogen. An interaction of oleic acid with these LBS could increase the susceptibility of plasminogen to activation by uPA.
